Introduction Novel breast cancer risk-reducing strategies for individuals with germline mutations of the BRCA1 and/ or BRCA2 genes are urgently needed. IdentiWcation of antigenic targets that are expressed in early cancers, but absent in normal breast epithelium of these high-risk individuals, could provide the basis for the development of eVective immunoprophylactic strategies. Cancer testis (CT) antigens are potential candidates because their expression is restricted to tumors, and accumulating data suggest that they play important roles in cellular proliferation, stem cell function, and carcinogenesis. The objective of this study was to examine the expression of CT antigens and their frequency in BRCA-associated breast cancers. Methods Archived breast cancer tissues (n = 26) as well as morphologically normal breast tissues (n = 7) from women carrying deleterious BRCA 1 and/or 2 mutations were obtained for antigen expression analysis by immunohistochemistry. Expression of the following CT antigens was examined: MAGE-A1, MAGE-A3, MAGE-A4, MAGE-C1.CT7, NY-ESO-1, MAGE-C2/CT10, and GAGE.
Introduction
BRCA1 and BRCA2 are tumor suppressor genes that are involved in DNA repair. Germline mutations of these genes confer a high lifetime risk for a number of malignant tumors, in particular breast and ovarian cancers. More than 300,000 women in the United States are estimated to carry a deleterious mutation in the BRCA1 or BRCA2 genes with a cumulative breast cancer risk at age 70 of 57 and 49%, respectively [1] . Current surveillance recommendations for BRCA mutation carriers include mammography alternating in 6-month intervals with magnetic resonance imaging (MRI) for early detection of breast cancer (http://www. nccn.org). Risk reduction can be achieved with prophylactic surgery such as prophylactic bilateral salpingo-oophorectomy (pBSO) and prophylactic bilateral mastectomy (pBM). While surgical risk-reducing approaches reduce cancer mortality [1] , they are permanent procedures with profound medical and psychological impact [2] [3] [4] . Recently, tools became available to guide women in the decision-making process for risk reduction. While pBM at age 25 plus pBSO at age 40 maximize survival probability, comparable survival may be reached by substituting mammography plus MRI screening for pBM [5] . Women who choose not to undergo pBM may beneWt from chemoprevention approaches such as selective estrogen receptor modulators (SERMs) or participation in clinical trials, which focus primarily on endocrine treatments (http://www.clinicaltrials.gov). However, endocrine interventions are unlikely to prevent hormone receptor-negative tumors commonly associated with BRCA1 mutations, and data on the eYcacy of SERMs for risk reduction in BRCA1 and BRCA2 mutation carriers are limited [6] . Immunologic strategies such as vaccinebased immunotherapeutic approaches could be an ideal modality for primary prevention.
Cancer vaccines have been tested mostly in patients with advanced diseases. In the therapeutic setting, the high disease burden and associated immunosuppressive tumor environment are believed to represent important obstacles limiting the eYcacy of the induced immune response. Prophylactic immunization of the host, i.e., before the development of cancer, is considered the most promising setting for cancer vaccines [7] [8] [9] .
As their name implies, cancer testis (CT) antigens are expressed in various types of malignant tumors but are absent in normal adult tissues with the exception of testicular germ cells. To date, more than 100 CT antigens and antigen families have been identiWed [10] . CT antigens can be distinguished in classical CT antigens, mapping to chromosome X, with MAGE-A1 being its prototype, and nonclassical CT antigens that map to other chromosomes. Due to their tumor-restricted expression pattern, CT antigens are regarded as valuable targets for the active immunotherapy of cancer, either in the prophylactic or in the therapeutic setting. Several therapeutic cancer vaccine trials of CT antigens such as MAGE-A3 and NY-ESO-1 have demonstrated an excellent safety proWle without evidence of clinical autoimmunity as well as the ability to induce cellular and humoral immune responses [11, 12] . The persistence of vaccine-induced B-and T-cell memory responses years after booster immunization has also been demonstrated [12] . While their function is not entirely clear, CT antigens appear to be involved in proliferation [13] , stem cell function [14] [15] [16] [17] , and carcinogenesis of at least some tumors [18] . Consequently, the National Cancer Institute has placed two CT antigens, MAGE-A3 and NY-ESO-1, into the top 10 category of the Project for the Prioritization of Cancer Antigens [19] .
While studies have reported varying frequencies of CT antigens in breast cancer [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] , a high prevalence of CT antigen expression has recently been demonstrated in triple-negative breast cancers [28, 30] . Triple-negative tumors, which lack estrogen, progesterone, and human epidermal growth factor receptor (Her2), are more commonly associated with BRCA1 mutations than other breast cancer phenotypes [31] . Interestingly, recent studies suggest an interaction of BRCA genes/cofactor of BRCA1 (COBRA1) in the regulation of genes located on chromosome X, particularly with those encoding classical CT antigens [32, 33] . However, the presence of CT antigens in BRCA mutation-associated breast cancers has not been studied before. Here, we analyzed the expression of several classical CT antigens in breast cancers from women carrying a deleterious BRCA mutation to conWrm antigen expression in a meaningful portion of these high-risk individuals. In order to suggest these antigens as potential vaccine targets for this group of women, we further explored their expression in in situ tumors as well as their absence in morphologically normal breast epithelia of mutation carriers.
Methods

Patients and material
Archived breast tissues from women carrying a BRCA1 and/or BRCA2 mutation were retrieved from the New York University Cancer Institute Tissue Bank and the Department of Pathology for immunohistochemical protein expression analysis. Results of prior commercial BRCA mutation analysis (BRACAnalysis ® , Myriad Genetic Laboratories, Salt Lake City, Utah) were recorded for each case. Only tissues from carriers of deleterious mutations were included in this study; mutations with unknown clinical signiWcance were excluded. Patient demographics, tumor stage and grade, or benign histology were recorded. The histological diagnoses were conWrmed on hematoxylineosin-stained sections by an independent pathologist. Two types of breast tissues were analyzed: (1) breast cancer tissues (obtained from deWnitive cancer surgeries) and (2) benign breast tissue (obtained from prophylactic mastectomies). Estrogen receptor (ER) and progesterone receptor (PR) status were evaluated by standard immunohistochemistry (IHC) on archived formalin-Wxed paraYn-embedded (FFPE) breast cancer tissue. Staining in ¸10% of tumor cells was considered a positive result. ER+/PR+, ER+/ PR¡, and ER¡/PR+ breast cancer were grouped as hormone receptor (HR)-positive disease; ER¡/PR¡ constituted the HR-negative group. Her2 status was evaluated on FFPE breast cancer tissue. Her2 positivity was deWned as 3+ over-expression by IHC or gene ampliWcation ¸2.2 by Xuorescence in situ hybridization (FISH, Her2 gene copy/ chromosome 17 ratio). The research protocol was approved by the New York University Institutional Review Board. Waivers of informed consent and authorization were obtained.
Immunohistochemical analysis
Expression of the CT antigens MAGE-A1, MAGE-A3, MAGE-A4, MAGE-C1.CT7, NY-ESO-1, MAGE-C2/ CT10, and GAGE was assessed by IHC on archived FFPE breast tissue. IHC procedures followed standard techniques employing antigen retrieval methods as previously described [23] [24] [25] . BrieXy, tissue sections were deparaYnized and rehydrated in xylene and a series of graded alcohols. As primary reagents, the following monoclonal antibodies (mAb) to the following CT antigens were used: mAb MA454 (MAGE-A1), mAb M3H67 (MAGE-A3 and probably other MAGE-A antigens, see discussion), mAb 57B (MAGE-A4 and probably other MAGE-A antigens, see discussion), mAb CT7-33 (MAGE-C1.CT7), mAb E978 (NY-ESO-1), mAb CT10#5 (MAGE-C2/CT10), and mAb #26 (GAGE). With the exception of anti-GAGE reagent clone #26, which was acquired commercially (Transduction Labs; Becton-Dickinson, Lexington, KY), all primary antibodies were previously generated by the authors [23, 24, [34] [35] [36] . A heat-based antigen retrieval method was employed for all reagents by heating slides in a buVer solution in a household vegetable steamer (95°C, 30 min). Primary antibody incubation was done overnight at 4°C. As a secondary reagent, a biotinylated horse antimouse antibody (Vector Labs, Burlingame, C) followed by an avidin-biotin system (ABC-Elite, Vector) was employed for all primaries except E978, which was detected by the Powervision system (Leica Biosystems, Richmond, IL). Diaminobenzidine served as a chromogen. Counterstaining was performed with Gill's hematoxylin. Testis tissue with preserved spermatogenesis served as a positive control. Immunohistochemical staining was graded by a pathologist blinded to the clinical data based on the percentage of immunopositive tumor cells as follows: negative (no staining), focal (<5% of tumor cells), + (5-25% of tumor cells), ++ (>25-50% of tumor cells), +++ (>50-75% of tumor cells), and ++++ (>75% of tumor cells).
Statistical analyses
Descriptive statistics were used to summarize baseline demographic and clinicopathologic characteristics. The frequency of CT antigen expression, deWned as any immunopositivity (focal-++++) by tumor cells, was calculated with its 95% CI. The two-sided chi-square test and/or Fisher's exact test were used to test association between CT antigen expression in invasive and in situ cancers compared with benign breast epithelium. Statistical signiWcance of the test is claimed when its P value is less than 5% (P < 0.05). Statistical analyses were performed using the statistical software R.
Results
Patient characteristics
Archived breast tissue was available from 29 women with deleterious BRCA1 and/or BRCA2 mutations. Cancer specimens were available from 26/29 women, including 4 women from whom paraYn blocks of cancer and contralateral normal breast tissue were available. Morphologically benign breast tissue samples were also available from an additional 3 women without a cancer diagnosis. Patient demographics and BRCA mutation status are displayed in Table 1 . As expected, the median age of patients at cancer diagnosis was below the average for women with sporadic breast cancers.
Of the 26 women with breast cancer, 13 carried a BRCA1 mutation (including one woman with an additional deleterious mutation in BRCA2, reported in the BRCA1 group) and 13 carried a BRCA2 mutation. The three Jewish founder BRCA mutations (BRCA1: 185delAG and 5382insC, BRCA2: 6174delT) were detected in approximately half of the patients (Table 1) .
BRCA-associated breast cancers
The tumor characteristics are listed in Table 1 . Of 26 BRCA-associated cancers, the majority were early-stage invasive ductal carcinomas (IDC, 17 patients with stage I or II) as well as ductal carcinoma in situ (DCIS, 5 patients). Invasive cancers arising in BRCA1 mutation carriers were predominantly triple-negative (HR and Her2 negative, 66%) and/or poorly diVerentiated (83%). IDC arising in BRCA2 carriers were also predominantly triple-negative (56%) and/or poorly diVerentiated (78%), thereby increasing the prevalence of the 'basal-like' phenotype typically associated with BRCA1 in the overall study population. The diVerentiation status of the invasive tumor was associated with hormone receptor expression as expected, and poorly diVerentiated cancers were most commonly HR negative (P = 0.04, Fisher Exact Test).
CT antigen expression in breast cancers and in morphologically normal breast tissue from BRCA mutation carriers
The frequency of CT antigen expression in BRCA-associated cancers is shown in Table 2 . The expression pattern was heterogeneous, ranging from focal to diVuse immunoreactivity.
CT antigens were expressed in 16/26 (61.5%) of cancers. CT antigens were expressed across all tumor types and stages including DCIS. Representative IHC stains for selected antigens are shown for BRCA-associated invasive ductal carcinoma (Fig. 1) and DCIS (Fig. 2) . MAGE-A was expressed in 13/26 (50%) of cancers, and NY-ESO-1 was expressed in 10/26 (38%) of tumors (Table 3) . Thirteen of twenty-six (50%) tumors expressed 2 or more CT antigens, and 10/26 (38%) tumors expressed 3 or more CT antigens. Three tumors (12%) expressed all examined CT antigens.
CT antigen expression was also examined in morphologically normal breast tissue of BRCA1/2 mutation carriers obtained from prophylactic mastectomies (n = 7). This included three women without a personal history of breast cancer as well as four women with cancer in the contralateral breast. Morphologically, normal breast tissue did not express any of the examined CT antigens in any of the women (Fig. 3) , including those with CT antigen expression in the contralateral tumors. In addition, benign breast tissue adjacent to in situ and invasive carcinoma did not express any of the examined CT antigens. 
Discussion
In the present study, we report a high incidence of CT antigen expression in in situ and invasive ductal breast cancers as well as their absence in benign breast tissue of BRCA mutation carriers, thus identifying potential target antigens for preventive cancer vaccines. In contrast to therapeutic vaccines for cancer, preventive vaccines are given to healthy individuals with a 'normal' immune system, not yet imprinted by cancer. Successful prevention of tumor development and progression has been demonstrated in preclinical transgenic models but requires vaccination at an early stage of cancer formation, preferably targeting precancerous lesions. Several groups for instance have shown that ERBB2-speciWc vaccination can induce protection against a genetic predisposition to mammary carcinoma in genetically engineered mice transgenic for rat Erbb2 gene (summarized in [9] ). These results provide a rationale for the development of vaccines to prevent tumors in high-risk individuals. Women with deleterious BRCA germline mutations have a high lifetime cancer risk for breast and other cancers and therefore represent a group for whom preventive vaccination may be useful. As the conferred immunity should persist for the individual's life, several requirements for the formulation of preventive vaccines should be considered. Antigens must be administered with adjuvants to induce potent anti-tumor immune responses and immune memory may require repeated booster vaccinations. As suggested by some mechanistic studies in mice, protective immunity may require antigenspeciWc antibodies, although other studies demonstrated CD8 T cell-mediated protection [9] . The selection of antigens for preventive vaccines is very important. Ideal antigens should fulWll the following requirements: (1) their expression should be restricted to tumors, to avoid normal tissue toxicity; (2) the antigens should be expressed on the cell surface to allow targeting by both cell-mediated and antibody-mediated immune responses; (3) they should play critical roles in tumor development and progression to minimize the risk of immune-mediated selection of escape variants. While CT antigens may not meet all criteria for an ideal preventative vaccine antigen, their expression is restricted to tumors and data are accumulating that they may be involved in proliferation [13, 27] , stem cell function [14] [15] [16] [17] , and carcinogenesis of at least some tumors [18] . Immunogenicity has been demonstrated for CT antigens such as MAGE-A3 and NY-ESO-1 in clinical trials in the adjuvant setting, including the induction of both cellular and humoral immune responses and the persistence of memory responses years after booster immunization when used with potent adjuvants [11, 12] . Furthermore, clinical evidence is emerging that antigen-speciWc lymphocytes given by adoptive transfer can induce tumor cell kill as was recently shown for NY-ESO-1-expressing metastatic cancers [37] . While CT antigens are infrequently expressed in unselected breast cancers [23, 25, 26, 29] , it has recently become evident that CT antigens such as MAGE-A and NY-ESO-1 are expressed in a substantial portion of triplenegative breast carcinomas [30] . Triple-negative tumors have been deWned as a separate group only recently and, therefore, expression of CT antigens in earlier studies may have been biased depending on the number of triple-negative tumors in the analyzed cohorts.
Given that BRCA-associated breast cancers are commonly triple negative, we wanted to conWrm expression of CT antigens in a meaningful portion of these high-risk individuals. In order to suggest CT antigens as potential vaccine targets for this group of women, we further explored the distribution pattern of expression including pre-neoplastic lesions (DCIS) and sought to conWrm the absence of antigens from normal breast tissue in BRCA carriers. Since expression of the antigen at the protein level is required for recognition of the cancer cells by anti-tumor immunity, we analyzed protein expression in tumor specimens rather than mRNA. This is of particular importance, as discrepancies have been reported between RT-PCR and immunohistochemical analyses in previous studies of CT antigens [20] [21] [22] . We demonstrate a high frequency (61.5%) of CT antigen expression in breast carcinomas from women with deleterious BRCA mutations. Encouragingly, almost three quarters of BRCA1-associated and more than half of BRCA2-associated tumors expressed at least one CT antigen. In accordance with a recent study [30] , a substantial portion of triple-negative tumors expressed CT antigens. Since triple-negative tumors carry a poor prognosis despite early detection and are unlikely to be aVected by endocrine preventive or therapeutic manipulations, prevention of this phenotype is especially important.
Because the expression of CT antigens in diVerent tumor areas is known to be heterogeneous, we employed full sections of tumor and normal breast tissue rather than tissue microarray samples. While mAb MA454 is speciWc for MAGE-A1 [25] , the speciWcity of mAb 57B and M3H67 is less clear and may include other members of the MAGE-A family, such as MAGE-A3 and MAGE-A4 [36, [38] [39] [40] . The broader reactivity of these mAbs may be due to recognition of antigenic epitopes that are common to several members of the MAGE-A family [41] .
Consistent with previous data in breast cancer and other malignancies, CT antigen expression was heterogeneous in the breast cancer samples analyzed [23, 25] . While a homogeneous expression pattern may be advantageous for tumor destruction by the adaptive immune system, recent data suggest that CT antigens may be predominantly expressed on cancer stem cells [14] [15] [16] [17] . Therefore, elimination of CT antigen-positive cells may be eVective at eradicating the tumor.
The absence of CT antigens in morphologically normal breast epithelia of mutation carriers is another important Wnding of the present study. It is consistent with prior observations that CT antigens are not expressed at the protein level in morphologically normal tissues or nonmalignant tumors [23] [24] [25] . Although one study reported expression of CT antigens in benign prostatic hyperplasia, expression was also unusually high (up to 80%) in prostate carcinomas, raising the possibility of non-speciWc staining [42] . Our study demonstrates that morphologically normal breast epithelium in the contralateral breast as well as adjacent to in situ or invasive cancers does not express CT antigens. This Wnding suggests that CT antigen protein expression occurs during neoplastic transformation of breast tissue. The observation that CT antigens were also expressed in early in situ tumors (DCIS), as shown in a prior study for NY-ESO-1 [26] , underlines the potential value of theses antigens for cancer prevention. In addition, CT antigens are frequently expressed in other cancers that develop in BRCA mutation carriers, such as ovarian carcinoma and melanoma [43, 44] , which may be useful when using these targets in immunoprevention.
It must, however, be stressed that the process of immunoediting, while not yet demonstrated in the clinical setting for CT antigens, could be an obstacle to eVective prevention with CT antigen vaccines. Under the selective pressure exerted by the vaccine-induced immune response developing tumors may downmodulate the antigen, unless required for tumor cell survival (oncoantigens), resulting in antigenloss variants. As CT antigens are only expressed intracellularly and rely on antigen processing and presentation by MHC molecules for immune recognition, tumor downmodulation of MHC-I or the peptide-processing machinery could also avert eVective immunoprevention. Results from an ongoing Phase III therapeutic vaccine trial involving a single CT antigen in the minimal residual disease setting [45] may provide useful information about occurrence of antigen downmodulation in recurring tumors.
Conclusions
We demonstrate a high incidence of CT antigen expression in human BRCA1/2-associated breast cancers, including in situ carcinoma, suggesting that these antigens should be further studied to develop immunoprevention approaches for reducing the high risk of cancer development in mutation carriers.
